A novel flow injection method has been developed for the determination of selenium in biological samples. The method is based on a selective catalytic effect of Se(IV) on the reduction of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT). The calibration line ranged over 1.3 pmol to 1.2 nmol of selenite with a detection limit of 0.63 pmol. Interference from the copper ion could be eliminated by an on-line adsorption of Cu on an ODS column as a Cu-bathocuproine Bisulfate chelate. The utility of the method was demonstrated by determining the selenium content in a standard sample.
Selenium has been recognized as being an element which has both essential' and toxic2 activities in humans. Both its deficiency and excess uptake may cause serious disorders. The biological functions of selenium, such as in the active site of glutathione peroxidase3, in the reduction of mercury and cadmium toxicity4, and in the prevention of cancers, have been studied. Regarding both the biological and clinical research concerning the element, a sensitive and reliable method to determine selenium in biological materials is of great importance. Various analytical methods, such as fluorometry6, atomic absorption spectrometry' inductively coupled plasma emission spectrometry8, neutron activation analysis9, and gas chromatography10 have been developed and applied to the field. The most common fluorometry method is based on the reaction of selenite with 2;3-diaminonaphthalene to yield piazselenol. Though fluorometry is highly sensitive, it requires complicated procedures including the extraction of the fluorophore and a careful adjustment of the pH.
Recent papers have reported" ,'2 that further purification of the fluorophore is necessary for the determination of selenium in biological samples.
As for the flow injection analysis (FIA) of selenium, the reported methods employed spectrophotometric detection13"4 or atomic absorption spectrometry with hydride generation (HG-AAS).'5"6 The former method is simple and though it requires only a small volume (<0.5 ml) of sample solution, is not sensitive enough for trace selenium in biological samples.
In contrast, though the HG-AAS method is sensitive, it requires more than 100 ml of sample solution.
It is thus necessary to develop a more sensitive and simple method that is applicable to small-volume samples.
Hawkes" found that selenium has a catalytic activity on the reductive conversion of Tetranitroblue Tetrazolium (TNBT) by dithiothreitol into the corresponding formazane, and that this reaction could be used for the determination of trace selenium by easy batch operations. However, since the formazane from TNBT is seriously adsorbed to glass and plastic materials, this reaction could not be incorporated into the FIA system. We then tried other reagents and found 3-(4,5-dimethyl-2-thiazolyl)-2,5-Biphenyl-2H tetrazolium bromide (MTT) to be a better alternative. The present paper deals with the development of the FIA system for the determination of trace selenium in a small volume of sample based on the Se(IV)-catalyzed reduction of MTT.
Experimental
Reagents 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT), disodium bathocuproine disulfate and disodium EDTA were purchased from Dojin laboratory (Kumamoto, Japan). Triton X-405, dithiothreitol (DTT) and a 35% aqueous solution of formaldehyde were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Nitric acid, perchloric acid and hydrochloric acid specially prepared for the analysis of heavy metals were the commercial products of Nakalai Tesque Inc. (Kyoto, Japan). All other FIA system A Twincle pump (JASCO, Japan), a SNK SSP-DM2M pump (Sanuki Kogyo Co., Japan), a Shimadzu SPD-6AV spectrophotometric detector and a SNK Model FIA-305H sample injector were employed in order to set up the flow system. A polytetrafluoroethylene tube of 0.5 mm i.d. was used as the mixing coils and the connecting lines. The flow manifold of the recommended FIA has three pump lines (Fig. 1) . A 0.1 M phosphate buffer solution used as a carrier was pumped at a flow rate of 0.2 ml/ min. The sample solution added with bathocuproine disulfate was introduced to the carrier flow by using a sample injector with a 80 µl loop and was mixed with a 0.1 ml/ min stream of 7.3 mM DTT solution (R 1). The DTT solution was prepared daily by dissolving 0.22 g of DTT in a 100 ml of a stock solution containing 0.82 mM of FeC13 and disodium EDTA. The mixing was effected in a reaction coil Cl (4 m). Before the second reaction coil C2 (6 m), the carrier stream further merged with a 0.35 mM MTT solution (R2) at a flow rate of 0.1 ml/ min.
The MTT solution was prepared by dissolving 14.5 mg MTT in 100 ml of a 3.3% Triton X-405 solution containing 0.45% of formaldehyde.
A stainless-steel column (50 mmX4.6 mm i.d.) packed with Chemcosorb 3-ODS-H (Chemco, Osaka, Japan) was placed between the injector and Cl, and was used for eliminating interfering copper ions as a Cu-bathocuproine disulfate chelate. Detection was performed by monitoring the absorption of formazane at 565 nm. Data were recorded and processed on a Shimadzu Chromatopak (C-R6A). The concentration of selenium was determined from the peak area of the formazane formed from MTT. The analysis was completed within 8 min.
Batch experiment
Optimization of the reaction conditions was achieved by a batch experiment as follows: a 1.8 ml portion of a phosphate buffer solution containing selenite, DTT and formaldehyde was mixed with 0.5 ml of the MTT solution after preincubation at room temperature for 4 min; the change in the absorbance was recorded for 5 min. The detailed conditions are described in the legends of figures. The blank reaction rate was also measured in the absence of selenium. The net reaction rate catalyzed by Se(IV) was obtained by subtracting the blank reaction rate from the apparent reaction rate.
Determination of selenium in a standard sample A standard sample of TORT-1 Lobster supplied by NRC was decomposed in a mixture of nitric acid and perchloric acid, and the selenate ion formed in the digested solution was reduced to selenite by heating with hydrochloric acid, as described in our previous paper.' 8 A 0.2 ml portion of the digested sample solution was adjusted to pH 7 by the addition of an appropriate volume of 5 M NaOH and 0.6 ml of a 0.1 M phosphate buffer solution (pH 7) containing 12 mM of bathocuproine Bisulfate. A 25 µl portion of the mixture was injected into the FIA system. The calibration line was obtained from a 0.5 M HCl solution containing known amounts of selenite in the same manner.
Results and Discussion
Reaction conditions A tetrazolium dye, which produces an intensely colored formazane by reduction, was selected as an indicator of the catalytic reaction. Among the reagents tested (MTT, TNBT and 3-(p-iodophenyl)-2-(p-nitrophenyl)-5-phenyl-2H tetrazolium chloride), MTT quantitatively formed the formazane, which had the largest molar absorptivity and a greater solubility in water.
In FIA based on a catalytic reaction, a high S/ N ratio can be obtained by suppressing the base line noise. The reaction conditions such as pH, MTT concentration, DTT concentration and Triton X-405 concentration were optimized in order to suppress the blank reaction.
The pH profile of the reaction rate is shown in Fig. 2 . As the pH increased, both the catalyzed reaction and the blank reaction proceeded faster and, hence, the net catalytic reaction rate showed a plateau level between pH 7.5 and pH 8.5. Almost no blank reaction occurred until pH 7, and the best S/ N ratio was obtained at pH 7. The pH profile of the blank reaction is similar to the titration curve of a thiol, and the increase of the blank reaction level under the alkaline condition reflects an enhanced reducing ability of the thiolate anion compared to thiol. The effect of the DTT concentration is shown in Fig. 3 . Higher concentrations of DTT gave higher rates of both the catalyzed reaction and the background reaction. Though the highest net catalyzed reaction rate was obtained in the presence of 5 mM of DTT, the blank reaction immediately proceeded at above 2 mM. Thus, 2 mM was chosen for the DTT concentration in FIA in order to suppress the base line noise level. The MTT concentration was investigated, as shown in Fig. 4 . Both the catalytic reaction rate and blank level increased with increasing MTT concentration. The best S/ N ratio was observed in the presence of 0.08 mM of MTT. In spectrophotometry, fluorometry and chemiluminescence it has been known that the addition of a surfactant to the reaction mixture increases the intensity because of an enhanced reaction rate in the micelle. 19 In the present FIA method, the addition of Triton X-405 to the reaction mixture effectively increased the catalytic reaction rate along with a relatively small increase in the blank reaction (Fig. 5) . Thus, Triton X-405 was added with a final concentration of about 1%, which gave an acceptably low blank rate.
As reported in catalytic assays of Se using sulfide14"",2°, the addition of formaldehyde at a final concentration of 0.1% effectively reduced the blank reaction level. Also, the presence of 0.2 mM of Fe(III) caused a considerable increase in the rate of the catalyzed reaction, but had no effect on the blank reaction rate suppressed by formaldehyde. The addition of chelating agents enhanced the effect of Fe(III) on the catalyzed reaction. EDTA was most effective among the reagents tested (EDTA, iminodiacetic acid, diethylenetriamine-N, N,N',N",N"-pentaacetic acid, triethylenetetramine-N, N, N',N",N"',N"'-hexaacetic acid).
FIA system
The ratio between the concentration of reagent solutions and the flow rate were chosen in order to optimize the reaction conditions in the flow system. The length of the reaction coils was selected so as to compromise the reaction time and the peak broadening, since a long coil caused a significant decrease in the sensitivity due to a dispersion of the sample zone; a shorter one gave a lower peak height because of the insufficient reaction time. A pulseless pump with a short-stroke plunger was used for delivering both R1 and R2 (in Fig. 1 ), which was effective for the reduction of base line noise.
Detection limit
The detection limit using the present method is 0.63 pmol as selenite, permitting the analysis of 250 µl of a 0.2 ppb Se(IV) solution.
When the injection volume was increased to above 250 µl, the analytical recovery decreased because of incomplete mixing. This detection limit is lower than that of conventional DAN fluorometry and permits the determination of selenium in small-volume biological samples. A linear relationship between the selenium(IV) content and the peak area was observed in the range from 1.3 pmol to 1.2 nmol.
Interferences
Interference from coexisting metal ions was studied by analyzing standard solutions containing 50 ppb selenium and 5 ppm of Cu, Zn, Al, Ni, Cr, Sn and Mo. These metals are known to often exist in biological samples with higher concentrations than that of selenium. The selenium contents resulting from these solutions were compared with that from a control solution containing no metal ions; their ratios are shown in Table 1 . Metal ions, except for copper, did not interfere with the present method, whereas copper ions caused a serious (2.61 times higher) positive error, because of a cooperative catalysis on the reduction of MTT. In order to eliminate any interference from copper, bathocuproine Bisulfate, which forms a stable and hydrophobic chelate with copper ion, was added to a sample solution.
The chelate, thus formed, was completely adsorbed to the ODS column. ODS was preferable to an anion exchange resin, since no adverse effects existed on the precision of the present method.
Excess bathocuproine disulfate did not interfere with the catalyzed reduction.
However, if the adsorbed copper chelate leaks out of the ODS column during analysis, the reproducibility for the repeated analysis becomes worse. To ascertain the safety, a mixture of 50 ppb selenium, 5 ppm copper and 15 mM bathocuproine Bisulfate was repeatedly analyzed. The relative standard deviation resulted from 15 analyses was 2.2% and the mean recovery of Se was 104%. The ODS column could be easily regenerated by washing the column with methanol.
To determine total contents of selenium in a biological sample, selenium was recovered as selenite from the matrix by an acid decomposition of samples, followed by a reduction of the resulting selenate to selenite with HCI.
Because the sample solution, thus obtained, is strongly acidic, it must be neutralized prior to FIA. The effect of salts, thus formed, was studied using standard selenite solution containing 0.1-1.25 M of NaCI, NaNO3 and KCI. As shown in Fig. 6 , the selenium recovery decreased linearly with increasing salt concentration. The interference could be reduced by decreasing the amounts of acids used in wet-ashing. Thus, selenium was precisely determined according to the calibration plots prepared in the presence of salts with a similar concentration to that of digested sample solution.
Determination of selenium in standard sample
The selenium contents in the standard sample of Lobster from NRC (TORT-1) was determined in order to assess the utility of the method and matrix interference. The results are shown in Table 2 , which also refers to both the certified values and results obtained by conventional DAN fluorometry with tellurium coprecipitation21, by HG-AAS21 and the fluorometric HPLC method which we developed. 18 The standard sample, NRC-TORT-1 Lobster, contained some coexistent metals with higher contents than selenium. When standard Se(IV) was spiked to the Sample: 0.1 M phosphate buffer solution containing 50 ng/ml of selenium(IV) and 5 µg/ml of metal ion. digested solution of the standard sample, 103% of the spiked Se(IV) was recovered ( Table 2) . It is therefore concluded that no significant interference with the determination of selenium was observed, though the standard samples used in this work contained about 70-fold higher amounts of copper than selenium.
In conclusion, the present FIA method can be applied to the sensitive determination of selenium in small volumes of biological samples without any matrix interference. 
